Teleportation is a spectacular manifestation of quantum mechanics, and altogether an essential element of future information processing 1 . It means reconstructing the (unmeasured) quantum state of a given object at a different location, without direct transfer of the object. Bennett et al. 2 showed that EPR entanglement 3 can be used for teleportation, which was recently experimentally demonstrated with photons 4 . Here an implementation of this scheme is proposed with electrons in a mesoscopic circuit. It relies on Coulomb blockade and uses two superconductors as a generator and as an analyzer of entangled electrons 5,6,7 . As a result, the spin state of electrons can be teleported through quantum dot arrays.
Electron transport in nanostructures and propagation of photons in waveguides bear strong analogies. These are illustrated for example by the Hanbury-Brown and Twiss intensity and noise correlations for photons and electrons 8 . The non-local character of quantum mechanics 3 has been probed by quantum optics experiments 1,9−11 , using two-photon entangled states. It results that correlations between particles persist although the interactions between them have been switched off. It is now especially relevant to test non-locality and its striking consequences with massive particles in solid-state devices. Using the spin degree of freedom of electrons is mostly promising. Actually, recent evidence for long spin coherence times in doped semiconductors 12 opened the way to spin-based quantum computation 13 . Here a protocol for electron spin teleportation based on the principle of Ref. 2 is presented. It relies on current nanofabrication techniques using quantum dots and a superconducting circuit. in contrast with a previous proposal with excitons 14 , it involves steady state transport in a mesoscopic circuit and operates with purely electrical control.
In Ref. 4 , an entangled photon pair is produced by parametric-down conversion. Another photon which carries the polarization state to be teleported is measured in an entangled state formed with one of the pair constituents, using of a two-photon interferometer. This measurement is effectively a projection process, and the remaining photon acquires the same state as the initial one. In order to implement this proposal with spin-1/2 electrons in mesoscopic circuits, one needs both a source of pairs of entangled electrons, and another device to project out the state of two given electrons on one of the four Bell states 2 . A superconductor (S) connected to two normal metal (N) leads acts as a source of entangled pairs, provided appropriate filtering of the leads [5] [6] [7] 15 . Here, filtering is achieved using Coulomb blockade 16 inside quantum dots. Two electrons can tunnel from a superconductor (source) into a pair of dots 5, 6 , but double occupancy in each dot is prohibited. Because the two electrons originate from the same Cooper pair, the dot electrons exist in a non-separable (entangled) singlet state. The two tunnel barriers should be closer than the superconductor coherence length 5, 6, 17 . On the reverse, a superconductor also acts as an absorber of entangled pairs: tunneling towards it is only possible if the two electrons are in the singlet state. Transitions from any of the remaining three (triplet) Bell states are forbidden. In photon experiments, the evidence for teleportation is supported by coincidence measurements of time-separated wavepackets 4 , while in quantum dots, time-resolved detection of individual electrons can be foreseen in near future. Here, evidence for teleportation is obtained by a measurement two currents flowing through the device : a spin-polarized current and a Cooper pair current.
The proposed set-up consists of 3 normal dots and of a superconducting circuit (S) with two arms (dots), depicted in Fig. 1a . Reservoir L prepares the spin state to be teleported and transfers it to dot 1, while reservoir R collects the teleported state from dot 3. Dots 1 and 2 (2 and 3) are coupled to superconducting arm a -the "absorber" (b -the "source"). Superconducting dots a, b connected to the main S circuit allow an optimal control -via capacitive couplings -of the transitions inside the whole circuit. By applying a magnetic flux through the S circuit, a phase difference φ is imposed between a and b and controls possible Josephson effects. Appropriate gating fixes the energy levels in the dots (Fig. 1b) . Cooper pair emission (absorption) in(from) the dot pairs 2, 3(1, 2) is chosen to be a resonant process.
Teleportation proceeds through four steps. First, an electron with spin σ = ±1/2 is injected into dot 1. Second, a singlet pair is transferred from b to dots 2 and 3. The global wave function |Ψ 123 = |σ 1 |Ψ 2 . Only the singlet component can be transmitted into a. Absorption of a Cooper pair is tantamount to projecting this state onto the singlet (12) , and the remaining spin in dot 3 necessarily acquires the same state σ as the initial spin in dot 1. Tunneling of the electron pair from (1, 2) into a ensures the destruction of the initial spin state in dot 1, therefore satisfying the "non-cloning theorem"
18 . Finally, a classical communication channel is required to complete the scheme: the information from a (that a Cooper pair has been absorbed) is provided to confirm that the process is over. This channel is sketched as detector D in the S circuit of Fig. 1a) .
The Hamiltonian which describes the cell reads with H 0 the noninteracting Hamiltonian, single electron and pair tunneling term H T = jασ t αj c † ασ c jσ + 2 2, 3 ), c † ασ creates an electron and B β destroys a pair. Nearest neighbor hoppings are assumed. δn µ is the deviation from the number of electronsn µ imposed by the gates (voltage V Gµ ). The coefficients U µν form the inverse capacitance matrix of this five dot system, and are computed from the individual capacitances of the NN, NS and SS junctions (see Fig.  1a ). Starting with "empty" dots with even number of electrons, the energy levels for excess electrons are fixed by the gates to −ε (dots 1 and 3) and ε (dot 2), with 0 < ε < ∆, the superconducting gap. The dots are coupled to the normal (superconductor) reservoirs with energy line widths γ L,R = 2πt 2 L1(R2) N L(R) (0), with density of states N L,R (0) (and similarly γ Sa = γ Sb ). The Cooper pair transition amplitude T P is at most comparable to γ Sa,b (it is reduced by a geometrical factor 5, 17 ), and T P << ε is assumed. Elastic cotunneling competes with teleportation, as it allows direct transfer by hopping from dot to dot, while generating quasiparticles in a and b 17, 19 . Cotunneling is minimized by the choice of one-electron energies on the dots (Fig. 1b) : the amplitude for cotunneling from dot 1 to dot 3 is of order T 2 P /ε ≪ T P . Alternatively, Cooper pairs can also pass between b and a through dot 2 only 5, 20 . This Josephson process is suppressed by imposing a phase difference π/2 between a and b with the help of a magnetic flux.
Reservoirs L and R are assumed be perfectly and identically spin polarized, with weak coupling to the dots. Transport across the dot array can then be described by sequential tunneling 21, 22 . The possible configurations, identified by the number of excess electrons on the dots, are divided into three multiplets: ground states with dots 1 and 3 occupied (E = −2ε); degenerate states with one or three electrons (E = −ε); high lying states with 2 or zero electrons (E = 0). Zero temperature is assumed. Starting from the low-energy state | ↑, 0, ↑ , a first transition brings an electron from dot 3 to reservoir R with rate Γ R 21−23 . The teleportation sequence (see Fig. 1c ) involves states | ↑, 0, 0 , then | ↑ 1 |Ψ S 2,3 and finally |0, 0, ↑ . Then a new electron can enter dot 1 with rate Γ L while the teleported electron in dot 3 can be detected, and so on...
The resonance conditions for Cooper pair emission/absorption can be straightforwardly written as a function of δn µ and U µν . Moreover, the above sequence is seen to be energetically favorable when computing the energy differences ∆E f i between the initial and final configurations of the dots specified by Eq. (1) 21, 22, 24 for the teleportation current (from L to R) and the pair current (from b to a) is:
with Γ L = I L (eV /2 + ε)/e and Γ R = I R (eV /2 − ε)/e 2 (I L,R (E) are tunnel currents at L, R). A perfect correlation of both the teleportation current and the pair current results. As for the case of photons, unambiguous proof of teleportation requires to check this correlation for parallel spin polarizations of reservoirs L and R, taking successively two values corresponding to non-orthogonal quantum states 2 . Refined signatures for teleportation could be reached with noise correlations 7, 8, 25, 26 or with time-resolved measurements. The device could be implemented using gated, contacted semiconductor carbon nanotubes next to superconductors. Single Cooper pair detection could be achieved with a single-electron transistor 27 . The feasibility of this proposal relies on the availability of efficient spin filters L, R, a topic of active research 28, 29 . Last but not least, it is crucial to maintain spin coherence during the teleportation sequence (on a time ∼h T P ), a reasonable goal. To avoid spurious transitions, the spacing between dot level should be large enough 6 . The proposed setup is generalizable to 2N + 1 dots, together with N superconducting circuits, each containing 2 electrodes (Fig. 1a) : teleportation of a spin state in dot 1 onto dot 2N + 1 can be achieved by a swapping 1 process. Finally, the teleportation current should be computed coherently using the Keldysh technique (D. F, T. M., O. S. and R. Guyon, in preparation).
